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Abstract
This paper provides experimental results on investigations for the validation of photo-
grammetric strain measurements of ultra-high-performance concrete (UHPC)-prisms
subjected to static and cyclic bending-tensile stress. For this purpose, 4 static and
5 cyclic test series were performed. Damage progresses during loading are monitored
by means of a digital image correlation (DIC) system and a clip gauge. The control of
the DIC by trigger lists and the measurement noise as a function of the measurement
rate are examined. All static tests were performed force controlled with the same test-
ing speed and the same measuring rate of DIC and clip gauge. All cyclic tests were
performed with the same upper and lower stress levels but with different loading rates.
During the static tests, the DIC can be used to make accurate strain measurements
before UHPC failure. In the cyclic tests, the measurement noise of the DIC
decreases with an increasing measuring rate. The tests performed confirm the con-
trol of the DIC by trigger lists for cyclic tests on UHPC-prisms and show that the
measurement noise is negligible in static and cyclic tests.
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1 | INTRODUCTION
Ultra-high-performance concrete (UHPC) is a composite
material characterized by a greater strength and higher dura-
bility than a conventional concrete. On the one hand, UHPC
is characterized by a low permeability to carbon dioxide,
moisture migrations, chloride attacks, and sulfate ingresses.
These higher durability skills permit to design longer service
life structures with subsequent reduced maintenance costs.1,2
On the other hand, the high strength capacity allows to mini-
mize the cross-sectional area of concrete structural frames of
those modern buildings made of UHPC.1 However, a main
drawback of UHPC structures is represented by their
increased slenderness and susceptibility to vibration.3 Con-
sequently, fatigue behavior is a key issue worthy of investi-
gation in this kind of buildings.4 This applies to structures
such as wind turbines and high-speed-train bridges, which
are exposed to bending-tensile stresses. However, existing
research on fatigue of concrete is mainly concerned with
normal and higher strength concrete under compressive
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stress. Fatigue failure behavior depends on many parameters
which mainly influence the number of load cycles needed to
reach the total collapse of a structure.5,6
Most of the available codes and current approaches ana-
lyze the concrete fatigue performance through empirical
rules.7 They are based on the well-known Wöhler concepts8
(and the so-called S-N Basquin relationship) in which it is
supposed that the fatigue damage is linearly accumulated
(in a log–log law) with the number of cycles/reversals at a
particular stress level.9,10 As example, it can be mentioned
the smeared crack approach for concrete by11 in which the
S-N criterion is transformed into the damage description,
taking into account the stress increment and the number of
cycles per material point.12 Although, these kind of
approaches have been valuably used in practical applica-
tions, codes, and standards, they completely avoid deeper
explanations of the mechanisms which drive the damage ini-
tiations and triggering of concrete-fatigue behavior.13
Plenty of experimental researches have been recently
published in literature which deals with investigating the
fatigue behavior of both normal concrete and UHPC. For
example, tests performed in unreinforced,14 steel bar-
reinforced,15 and fiber-reinforced16 UHPC have been
recently investigated. Many of these works showed a huge
scatter in terms of fatigue performances of the composite
which can be actually attributed to the high variability of the
composite material (in terms of strengths, stress levels, inner
meso-structures, distribution of fibers/reinforcements, strain-
hardening/softening mechanisms, and test specimen type
and size) which hugely influence the fatigue response .17–27
There is a lack of knowledge about the behavior of
UHPC under cyclic bending-tensile loading. Outstanding
test results on UHPC, which are worth of mentioning were
published by Brosge28 and Kessler-Kramer29 while for
tensile-tests by Fitik.24 Therefore, within the scope of the
DFG-Priority-Program 2020 “Cyclic Damage Processes in
High Performance Concretes in the Experimental Virtual
Lab”, the Department of Concrete Structures and Structural
Engineering of the TU Kaiserslautern, the Institute of Con-
struction and Building Materials of the TU Darmstadt and
the Institute of Concrete Structures and Building Materials
of the Karlsruhe Institute of Technology (KIT) are running a
research project titled “Micromechanical behavior of high
performance concrete under cyclic loading at various mois-
ture and thermal conditions”. Aims of these activities are the
experimental and the numerical investigations of the UHPC
material degradation under cyclic tensile- and bending
tensile-stress.
In this paper an experimental program is shown that deals
with the measurement of the fatigue behavior of UHPC. The
accuracy of static and cyclic strain measurements using pho-
togrammetry as a function of the measuring rate is
investigated. This measuring method, also known as digital
image correlation (DIC), enables noncontact measurement
of deformations on the surface of structural elements by
means of an applied pattern. Furthermore, the control of the
DIC by so-called trigger lists is examined. The results of the
DIC are compared with those of a clip gauge. This is used to
measure the crack mouth opening displacement (CMOD) of
a notched beam or prism. After this general introduction
about the State-of-the-Art and motivations of this research,
the paper is organized as follows. Section 2 reports the ana-
lyzed materials and methods. The experimental setup is
described in Section 3. Then, Section 4 deals with the con-
sidered experimental program and the cyclic test protocols.
After that, Section 5 discusses the experimental results and
analyzes and compares the measurement methods used.
Finally, some concluding remarks and future research lines
are described in Section 6.
2 | MATERIALS AND SPECIMENS
The specimens were molded at the Laboratory of the Insti-
tute of Concrete Structures and Building Material of the
KIT. A unique reference UHPC-mixture, provided and
agreed through the central DFG-Priority-Program 2020, has
been used for all the test-series. This mixture is characterized
by a maximum aggregate size of 0.5 mm and a water–
cement ratio of 0.24. Table 1 gives an overview of the mix-
ture composition: microsilica, quartz flour, and powder were
used as constituents. The UHPC mixture was prepared by
using a pan mixer. Firstly, cement and microsilica were satu-
rated and mixed; then the aggregate was added and mixed
with the cement and microsilica. Subsequently, water and
super-plasticizer were added. After molding, the specimens
were sealed in the formwork for 24 hr, then stored under
water for 7 days and matured afterwards in a laboratory cli-
mate at 20C and 65% RH until testing.
Bending tests were carried out on unreinforced standard
prisms measuring 40 × 40 × 160 mm3 (according to EN
196-130). The applicability of the classical beam theory for
prisms with these dimensions was verified by a classical
TABLE 1 Concrete constituents of the UHPC “RU1”
Constituents Mass (kg/m3)






Abbreviation: UHPC, ultra-high-performance concrete.
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linear-elastic FEM calculation with the program RFEM5
in.31 In order to compare the measurement results of the DIC
with a clip gauge, a notch with a depth of 6.7 mm and a
width of 3 mm was milled tarting from the bottom surface of
the specimens in accordance with EN 1465132 (Figure 1). At
the time of the tests, the specimens reached between 50 and
54 days of maturations. According to the dimensions of the
specimens (Figure 1), the material tests were also performed
on prisms according to EN 196-1.30 They provided a com-
pressive strength of 107 N/mm2 and a bending tensile
strength of 11.3 N/mm2.
3 | EXPERIMENTAL SETUP
Aim of the experimental program is the validation of the
strain measurement of UHPC-prisms, subjected to cyclic
bending-tensile stress, by means of DIC. Analogous to
investigations by Khor et al.,35 a classical measurement
method is used for comparison purpose against the results
registered with the DIC. Preliminary tests have shown that
almost identical results to DIC cannot be achieved with
strain gauges and linear variable displacement transducer.36
Therefore a clip gauge of type UB-5A from Tokyo Measur-
ing Instruments Lab was attached under the notch to com-
pare the measured CMOD with the DIC-results (Figure 2).
This clip gauge has a measuring range between 3 and 8 mm
and a measurement accuracy of 1,000 × 106 strain/mm.
The ARAMIS 5 M industrial DIC-system is used and
based on two cameras with a monochrome CCD chip with
2,448 × 2050 pixels. With the electronic shutter, exposure
times of 0.1 ms–2 s, adjustable and continuous frame rates
of up to 15 fps (frames per second) are possible. With a
strain accuracy of 0.01%, the strain measurement range is
0.02% to >100%. With measuring volumes from 10 × 8 mm
up to 5,000 × 4,150 mm, 2D and 3D displacements as well
as strains can be measured on the front of the specimens sur-
face. The system also allows the measurement of out-of-
plane displacements as the two cameras require a calibration
of angle and distance between the cameras and the region of
interest. For this purpose, the captured pictures are divided
into subsets. All subsets must have a different, random pat-
tern, which is achieved by spraying a black and white
pattern onto the specimen's surface.37 Initially, the specimen
surface is inspected for roughness and, if necessary, sanded
smooth. Afterwards, a standard white acrylic paint is sprayed
on in two to three layers. Then, a black speckle pattern is
applied with graphite spray. The required fineness of this
pattern was examined in preliminary tests (Figure 3). It has
been shown that only with a fine pattern (Figure 3—right) a
sufficient measuring accuracy can be achieved. This pattern
is applied at a distance of 15 cm by moving the spray head
quickly over the specimen. The density of the black color
dots depends on the speed of the movement of the spray
head and should correspond to Figure 3—right pattern.
The tests were performed in a two-column frame from
Instron with a servo-hydraulic cylinder that can apply a max-
imum static and cyclic force of 10 kN. Preliminary tests
have shown that the upper and lower stress levels can only
be reliably applied up to a loading rate of 3 Hz. The entire
experimental setup is shown in Figure 4.
4 | EXPERIMENTAL PROGRAM
The experimental tests were carried out at the Laboratory of
the Department of Concrete Structures and Structural Engi-
neering of the TU Kaiserslautern. Particularly, to perform
fatigue tests, the lower stress-level Smin and the upper one
FIGURE 1 Specimen geometry
FIGURE 2 Experimental setup: 1 = DIC pattern, 2 = DIC-
extensometer, 3 = glued on metal plates to attach the clip gauge,
4 = clip gauge. DIC, digital image correlation
FIGURE 3 Variation of the speckle pattern (left: Coarse,
right: Fine)
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Smax must be defined. Therefore, the experimental program
is divided into static and cyclic test series. All specimens of
a test series originate from the same formwork and all speci-
mens of the experimental program are made of the same
UHPC batch.
In order to avoid any kind of influence deriving from dif-
ferent casting and production times, the test series for static
and dynamic tests were systematically differentiated and
marked according to the casting sequence (Table 2).
The static tests were performed load-controlled on four
different test series (n VS1, VS2, VS3, and VS4). In accor-
dance to EN 12390-533 the testing speed was set as
0.06 MPa/s. During the tests the displacements of the speci-
men was measured with the DIC and for comparison pur-
pose with a clip gauge. The DIC was controlled by a preset
measuring rate of 15 fps (frames per second). To determine
the behavior of the UHPC after cracking, the CMOD of the
clip gauge was recorded at a measuring rate of 1.2 kHz.
The cyclic tests were performed load-controlled on five
different test series (n VC1, VC2, VC3, VC4, and VC5)
with the same lower- and upper stress-level but different
loading rates as specified in Table 2. This procedure was
chosen because the measurement noise of the DIC depends
on the measuring rate, which has to be selected according to
the loading rate.34 Measurement noise is a fluctuation of the
results underlying any measurement system and defines the
accuracy of the system. If this is larger than the measuring
range, the measurement method is unsuitable.
In preliminary tests it was determined that the strain
amplitude of UHPC-prisms under cyclic bending-tensile
loading cannot be measured completely with a preset mea-
suring rate-controlled DIC.36 Therefore the DIC was con-
trolled by the force signal of the machine via trigger lists. In
further tests, specimens with an upper stress level of, for
example, Smax = 60% shall be cyclically loaded. The number
of load cycles until failure can be several million. For rea-
sons of test duration, a minimum loading rate of 0.5 Hz was
therefore selected. The maximum loading rate was selected
according to the machine (see Section 3). The loading rate
of 2 Hz was chosen because the preliminary tests were car-
ried out with it.36 The other loading rates were chosen with a
focus on higher loading rates. In order to take pictures with
the DIC via the trigger lists at the minimum and maximum
load, the fade time of the camera must be four times the
loading rate. The fade time corresponds to the measuring
rate of the DIC. Preliminary tests have shown that the sys-
tem does not take pictures with a lower fade time. In four
cyclic test series an image of the specimens surface is taken
as soon the applied load corresponds to Smin and Smax. In the
test series VC3 an additional image was taken between Smin














Loading (%) (%) (Hz) (MPa/s) (Hz) (Hz)
VS1 5 3 (A,B,C) Static - - - 0.06 15 1,200
VS2 11 3 (A,B,C) Static - - - 0.06 15 1,200
VC1 7 3 (A,B,C) Cyclic 90 10 0.5 - 2 50
VC2 9 3 (A,B,C) Cyclic 90 10 2.0 - 8 50
VS3 14 3 (A,B,C) Static - - - 0.06 15 1,200
VC3 13 3 (A,B,C) Cyclic 90 10 2.5 - 10 50
VS4 18 3 (A,B,C) Static - - - 0.06 15 1,200
VC4 15 3 (A,B,C) Cyclic 90 10 2.75 - 11 50
VC5 17 3 (A,B,C) Cyclic 90 10 3.0 - 12 50
Abbreviations: CG, clip gauge; DIC, digital image correlation.
FIGURE 4 Experimental setup: 1 + 2 = testing machine, 3 = PC
for the clip gauge, 4 = DIC, 5 = control of the DIC. DIC, digital image
correlation
HARENBERG ET AL. 1223
and Smax. During the cyclic tests the CMOD was recorded
with the clip gauge at a measuring rate of 50 Hz.
5 | RESULTS AND DISCUSSION
With the clip gauge a displacement ΔC between two points is
measured that has to be converted into a strain εC with a refer-
ence length L. To enable a comparison with the DIC-results,
two measuring points were placed on the DIC-pattern next to
the notch edge and to the specimens edge. Between this mea-
suring points a virtual extensometer was placed (Figure 2).
The measurement results were also output as displacements
ΔD. The difficulty of the evaluation is to select suitable mea-
suring points on the DIC pattern because the clip gauge mea-
sures 5 mm below the specimen due to the supports
(Figure 2). Taking into account the failure of some DIC-
pattern facets in some images, the DIC extensometer was
placed as possible to the lower edge of the specimen
(Figure 5). As with the clip gauge, the DIC-extensometer can-
not be placed exactly to the edge of the notch. This is negligi-
ble, since the comparison of two DIC-extensometers shows
that no strains occur in this area (see Ext.1/Ext. 2—Figure 5).
Small differences results from the measurement noise. There-
fore, the strain εC and εD are calculated with the notch width
of 3 mm as the reference length L.
Due to the different distance to the neutral axis of the spec-
imen, the DIC-extensometer and the clip gauge will measure
different displacements under a deflection δ (Figure 6). This
difference can be calculated in a simplified way depending on
the deflection δ and taking into account the vertical distance







For comparison the strains are calculated with the modi-








5.1 | Static tests
Figure 7 shows the results of the static tests. The results of
each test series are shown separately and the graphs are mar-
ked according to the experimental program (Table 2). The
ending CG represents the clip gauge and the ending DIC the
digital image correlation. No DIC results are shown for the
specimen VS1A, as the measurements cannot be evaluated
due to a memory error. Since there is no stress in the mea-
suring area at the notch, the machine force is plotted to the
y-axis.
The measured strain of the clip gauge and the DIC are
close together for each specimen in each test series. More-
FIGURE 5 Failure of digital image correlation facet in a cyclic test
FIGURE 6 Measuring difference between digital image
correlation and clip gauge due to deflection Δ
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over the strain of all specimens in each test series also
matches well. Also with regard to the linear course up to a
force of 1 to 1.25 kN and a fracture strain between 4 and
5 ‰, the results are in good agreement between the test
series. In addition, the measurement accuracy must also be
taken into account for the comparison of both measurement
methods. The accuracy of DIC measurements is described
by the SD of the measured values.34 This is calculated by
the deviation Δε of the measured values from the mean value
curve (Figure 8). This deviation is equal to the measurement
noise (see Section 4). Figure 9 shows the SDs of the clip
gauge and the DIC for each specimen with a mean value
curve. As can be seen, the variance of the CG SD is clearly
larger compared to the DIC in the test series VS1. The
reverse situation can be seen for the test series VS2 and VS4
and it is largely identical for the test series VS3. The mean
value curves of both measurement systems do not show a
uniform course. It must be considered that the respective
measuring rates of the clip gauge and the DIC remained the
same in all test series (Table 2). Combined with the variance
of the SDs, the results permit the conclusion that the accu-
racy of the CG and the DIC are on the same level for static
tests. However, due to the slower measuring rate of the DIC
of 15 Hz and the sudden failure of the unreinforced UHPC,
the material behavior after the occurrence of a macro crack
cannot be recorded, compared to the clip gauge. If this is not
required, the DIC is recommended as measurement method
due to the easier application. Furthermore, in contrast to the
clip gauge, no notch is required for the DIC.
FIGURE 7 Force-strain-curves
of the static test-series
FIGURE 8 Deviation ΔΕ of the measured values from the mean
value curve—SPEC. VS2B
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5.2 | Cyclic tests
Figure 10 shows the results of the cyclic tests. The strain
due to cyclic loading is plotted over the load cycles N. For
better clarity, only selected results of each test series, which
are marked according to the experimental program, are plot-
ted separately. The ending CG indicates the clip gauge and
the ending DIC the digital image correlation. In the test
series VC1, no continuous measurement with the DIC was
possible due to the slow load frequency of 0.5 Hz. Therefore
no comparison between DIC and clip gauge is possible. It
shows that the control of the DIC by trigger lists is only pos-
sible at a higher loading rate. The measurement data of the
first load cycles are missing for all DIC-measurements. This
is due to the DIC, whose measurement procedure via trigger
lists can only be started after the testing machine has started.
Otherwise no images are taken, analogous to test
series VC1.
The measured strain of the CG and the DIC are close
together for each specimen in the test series VC2, VC4, and
VC5. In test series VC3, where an additional image was
taken per load cycle N, the strain amplitude of the DIC is
lower than that of the clip gauge. It is assumed, that due to
the images taken between Smin and Smax, the exposure time
of the cameras were too weak, which means that the mea-
sured deformations are smaller than they actually are. This
effect could be avoided by a stronger exposure but than the
very fine pattern on the specimens surface will be
overexposed.
In all test series the strain increases greater with decreas-
ing number of load cycles N and the fracture strain between
4 and 5.5 ‰ corresponds to the static tests (Figure 10a-d).
Moreover the curves of the increasing strain correspond to
the usual 3-phase fatigue behavior of UHPC after crack initi-
ation. This complies with the usual fatigue behavior of
UHPC and excludes a general measurement failure. Not
shown graphs of the respective tests (VC2C, VC3B/C,
VC4B, and VC5B/C) correspond in their qualitative course
to the graphs shown in Figure 10. They also have a typical
3-phase fatigue curve. The increase of the second phase after
crack initiation is also flatter with increasing number of load
cycles N and the fracture strain is in the same range. An
applied load without initial crack initiation was not achieved
in any test.
The SDs of the CG and DIC measurements are shown in
Figure 11 as a function of the DIC measuring rate. The CG-
measuring rate was 50 Hz in each test series and is plotted
for comparison. Analogous to the static tests, the determina-
tion is carried out by the deviation Δε (Figure 8) of the mea-
sured values from the mean value curves εmax and εmin. The
results show, that the SD of the DIC decreases with an
increasing measuring rate. In general, the SD of the CG is
0.04 ‰ lower than the DIC. For the measuring rates 10, 11,
and 12 Hz, the variance of the CG SD is about 0.006 ‰ less
than the DIC. As the results in Figure 10 show, this devia-
tion is negligible due to the magnitude of the measured
strains. The similarity of the results between the CG and
DIC as well as the slightly higher DIC SD of the measured
values, confirm the control of the DIC by trigger lists for the
strain measurement of UHPC-prisms under cyclic bending-
tensile loading. However, the DIC must be controlled by
trigger lists for complete recording of the strain amplitude of
the specimen per load cycle. As the results of the tests series
VC3 show, only images of Smin and Smax shall be taken.
6 | CONCLUSIONS
This paper reports on an experimental study to validate the
strain measurement of the degradation of UHPC-prisms
under cyclic bending-tensile stress by DIC. For this purpose,
the measurement noise of the DIC and a clip gauge was
determined and compared in alternating static and cyclic
tests. The experimental program includes 4 static and 5 cyclic
test series.
In the static tests the course of the load-strain curves and
the SD of the measured values were considered. In all tests,
the load-strain curves of both measuring methods match well
and the SD is at a similar level in all tests. A comparison of
the test results of all specimens also shows good agreement
as well as a fracture strain between 4 and 5 ‰. However the
agreement of the results of both measuring methods is only
achieved before a macrocrack occurs. With the DIC, no
material behavior after the occurrence of a macro crack can
FIGURE 9 SD of the clip gauge and the digital image correlation
for static tests
1226 HARENBERG ET AL.
FIGURE 10 Increasing strain due to cyclic loading of the cyclic experiments
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be recorded. Therefore the application of the clip gauge is
only recommended if the recording of the material behavior
after the occurrence of a macro crack is required. If the DIC
is used, the loading speed must allow a sufficiently accurate
recording, taking into account the maximum measuring rate.
In the cyclic tests the measurement noise of the DIC and
a clip gauge was determined at five different loading rates.
The DIC was controlled by trigger lists via the force signal
of the machine. As the results of the first tests series VC1
show, a loading rate larger than 0.5 Hz has to be selected for
this purpose. Otherwise no images will be recorded with the
DIC. Furthermore, the results of the tests series VC3 show
that only images at Smax and Smin should be taken with the
DIC. Otherwise the strains will not be measured completely.
The results of the test series VC2, VC4, and VC5, where
only images were recorded at Smax and Smin, show a good
agreement of the DIC measurements with the clip gauge
measurements. The measurement noise of the DIC is slightly
larger, which is negligible with regard to the value of the
measured strains. This measurement noise decreases with
increasing loading rate. In conclusion, the cyclic tests con-
firm the strain measurement with the DIC using trigger lists.
Based on the results, the DIC is recommended for measuring
rates between 8 and 12 Hz to investigate the fatigue behavior
of UHPC specimens. This measurement range is relatively
small and can be extended to 15 Hz with the existing DIC
system if another testing machine is used (see Section 3).
For this measuring rate the measurement noise have to be
investigated again in further tests. Newer DIC systems
enable higher measurement rates, which could further extend
the measurement rate.
The advantage of the DIC is the ease of application and
the strain measurement of an increasing crack over the com-
ponent height as well as over a significantly larger width,
due to a pattern with any number of measurement points
(Figure 2). In addition, due to the missing notch, the DIC
can be used to check and visualize possible stress redistribu-
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